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CONSPECTUS

Continuum mean-field models that have been carefully designed to

Gas phase

address the various electrostatic and nonelectrostatic interactions that
develop between a molecule and a surrounding medium are particularly
efficient tools for studying the effects of condensed phases on molecular
structure, energetics, properties, spectra, interaction potentials, and dynam-

ics. The SM8 model may be combined with density functional theory or Har-
tree-Fock theory to describe a solute’s electronic structure and its self-
consistent-field polarization by a solvent. A key feature is the use of class
IV charge models to obtain accurate charge distributions (either in the vapor
phase or in solution), even when using small basis sets that are afford-
able for large systems. A second key feature is that nonelectrostatic effects
due to cavity formation, dispersion interactions, and changes in solvent
structure are incdluded in terms of empirical atomic surface tensions that
depend on geometry but do not require atom-type assignments by the user.

AGS

Use of an analytic surface area algorithm provides very stable energy gra-

dients that allow geometry optimization in solution. The SM8 continuum

model, the culmination of a series of SMx models (x = 1-8), permits the modeling of such diverse media as aqueous and
organic solvents, soils, lipid bilayers, and air-water interfaces. In addition to predicting accurate transfer free energies between
gaseous and condensed phases or between two different condensed phases, SMx models have been useful for predicting
the significant influence of condensed phases on processes associated with a change in molecular charge, including acid/
base equilibria and oxidation/reduction processes. In this Account, we provide an overview of the algorithms associated with
the computation of free energies of solvation in the SM8 model. We also compare the accuracies of the SM8 model with
those of other continuum solvation models. Finally, we highlight applications of the SM8 models to compute ionic solva-
tion free energies, oxidation and reduction potentials, and pK, values.

1. Introduction

It is now possible to include continuum solva-
tion effects in the computational modeling of
molecular properties and reactions in solution,
at both the classical and the quantum mechan-
ical levels, by using efficient models based on
treating the solvent as a structureless continu-
um.' Because of the enormous activity in this
field, many reviews have appeared in the last
several years.>"'° In this Account, we discuss a
new solvation model, called SM8,"" that repre-
sents the culmination of many years of devel-
opment of earlier SMx models with x =
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1—-7.'2723 SM8 is a “universal” solvation model
(meaning that it can be employed to model any
liquid condensed phase for which certain bulk
properties either are available or can be esti-
mated, vide infra), and it is the most accurate
continuum solvation model presently available
for predicting free energies of solvation of
molecular solutes. Among other things, this high
accuracy has allowed quantum-mechanical
modeling to assign absolute solvation free ener-
gies to the proton and other ions in various
solvents' %2> and to calculate absolute and
relative oxidation and reduction potentials.
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In quantum mechanical (QM) continuum models, the sol-
ute’s charge distribution causes electric polarization of the sur-
rounding solvent, which is modeled as a homogeneous
medium characterized by a bulk permittivity. The polarized
solvent exerts a field called the reaction field on the solute.
Electronic structure calculations typically minimize the quan-
tity

Ge=/lv

where W is the solute wave function, H? is the usual gas-
phase Hamiltonian, and V is the potential energy operator
associated with the reaction field. The factor of '/, in eq 1
derives from assuming a linear response of the surrounding
medium to the solute’s charge distribution because half of the
induced favorable solute—solvent interaction is canceled by
the cost of reorganizing the solvent.?® Because V depends on
W, the corresponding Schrodinger equation is nonlinear. Iter-
ative solutions are referred to as self-consistent reaction-field
(SCRF) calculations. The absence of explicit solvent molecules
means that the size of the electronic structure problem is
essentially the same as in the gas phase, so the SCRF pro-
cess is computationally very efficient. Importantly, if a partic-
ular situation demands the inclusion of one or more explicit
solvent molecules, these can be included as part of a super-
molecular QM solute; for example, it can be interesting to
evaluate the degree to which charge transfer from a solute to
a first-shell solvent molecule may take place.?” However, the
inclusion of more than a very small number of solvent mole-
cules quickly reduces the efficiency of the SCRF procedure
because of the need to sample the configurational phase
space of the solute—solvent cluster in a statistically relevant
fashion.

The component of the solvation free energy associated
with electrostatics is

HO + %V(W)‘WD (1)

AGep = B»I»‘(”‘H + %v‘qﬂ”ﬂ— wOHWOD ()

where the subscript ENP on the left-hand side (lhs) of eq 2
denotes the electronic, nuclear, and polarization components
of the free energy, and the superscripts (0) and (1) on the
wave functions refer to their optimization in the gas phase and
solution, respectively.

Continuum solvent models differ from one another in the
manner in which V is constructed. They also differ in their
treatment of nonelectrostatic components. The free energy of
solvation, that is the free energy of transfer from the gas
phase to the condensed phase, may then be written®
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AG; = AGgyp + Geps + AGZonc, (3)

where the CDS subscript on the right-hand side (rhs) empha-
sizes that this term includes the free energy changes associ-
ated with solvent cavitation, changes in dispersion energy, and
possible changes in local solvent structure. The final term on
the rhs, AGEOHC, accounts for the difference in the molar den-
sities of the two phases in their standard states; the value of
this term is 0 in this Account because we use the same 1 M
density in all phases. The ENP and CDS terms are not sepa-
rate thermodynamic observables; only their sum is meaning-
ful. Nevertheless, one or the other of these terms may be
expected to dominate under certain conditions, for example,
AGgnp Would be expected to be much larger than Gqps for a
charged solute, while the reverse would be expected to be
true for a large, uncharged solute that lacks any polar
functionality.

2. Generalized Born Theory

The reaction field generated by a charge distribution con-
tained within a cavity that is immersed in a surrounding
homogeneous medium characterized by a bulk permittivity is
related to the QM charge distribution by the nonhomoge-
neous Poisson equation®® (NPE). A number of extant QM con-
tinuum models determine the reaction field by numerical
solution of the NPE.2~>79 Approximations must be made
when using this approach because the tails of the QM charge
density are not fully contained within the molecular cavity,
which is typically defined as a union of atom-centered spheres
having appropriate or scaled van der Waals radii or as a sim-
ilar enclosed space. Furthermore, the formulation of the NPE
requires one to assume an atomic-scale model of the solvent
permittivity, which itself is rigorously defined only on macro-
scopic scales, and usually an unrealistic step function is
assumed across the solute/solvent boundary.

An alternative approach is to use the generalized Born (GB)
approximation.2°~32 In this case, the QM charge distribution
is represented by atom-centered monopoles (i.e., partial
atomic charges, q,, on the atoms k), and the reaction field
potential generated at atom k by these charges is defined as

Vi= (1 - % Z kY ke (4)

where ¢ is the permittivity of the medium, dependent on tem-
perature T, and y,. is an effective Coulomb integral. A good

approximation to the latter is®*
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where r,,. is an interatomic distance, b, is an effective atomic
Born radius, and d,,. is a parameter.

In ref 34 and SMS, the effective atomic Born radius, b,, is
calculated by a three-dimensional integration in which an
intrinsic Coulomb radius is augmented to account for an effec-
tive distance of a given atom from the solvent (because the
atom is buried under other solute atoms). The resulting effec-
tive radii are smallest when the atom is intrinsically small and
is also most exposed to solvent. The determination of the
intrinsic Coulomb radii relies primarily on experimental data
for the solvation free energies of ionic species because ions
have very large polarization free energies and are thus more
sensitive to the Coulomb radii. Based on the cluster-pair
approximation applied to conventional ionic solvation free
energies in water,>* methanol,>® acetonitrile,>®> and dimeth-
ylsulfoxide, > we assembled an extensive compilation of abso-
lute ionic solvation free energies that was used for
parametrization.'! A key difference of SM8 with earlier solva-
tion models is that none of the prior models included ionic
solvation free energies in nonaqueous solutions in the param-
etrization process, and the Coulomb radii were thus taken to
be independent of solvent. In SM8, by contrast, some Cou-
lomb radii vary as functions of the solvent’s hydrogen-bond
acidity parameter,® a.

Another critical aspect associated with AGgyp is the assign-
ment of partial atomic charges, which are used to calculate V,
and the solute’s interaction with it. The SM8 model determines
these charges using Charge Model 4 (CM4),'"'® which defines
a partial atomic charge according to

qEM4 = q;(O) —+ Z< Bkk'(Dkk' + Ckk'Bkk') (6)
K=

where the reference charge g is determined from Léwdin>® or
redistributed Léwdin®’ population analysis, By is the Mayer
bond order between atoms k and k',*®3° and C,,. and D, are
empirically optimized parameters. Over a database of 397 polar
molecules, CM4 models predict dipole moments with root-mean-
square errors of 0.2—0.3 D,""'® even for inexpensive levels of
QM theory and small basis sets. As the CM4 parameters are
defined for many different combinations of electronic structure
theory and basis set, the charge model effectively preprocesses
the wave function in an SM8 calculation, and the SM8 parame-
ters are independent of theoretical level. Indeed, SM8 may be
regarded as being independent of CM4, too, in the sense that it
ought to work with any good charges, but our testing has
involved use of CM4 for SCRF calculations.
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3. Nonelectrostatic Terms and SM8
Parameterization Strategy

Both the NPE and GB models of the electrostatics involve seri-
ous and essentially unremovable approximations (uncertainties
in the treatment of solute charge outside the cavity and the
assumption of bulk solvent permittivity on the atomic scale); they
also neglect solute—solvent charge transfer. The Gps term in eq
3 must make up for these approximations, as well as account for
the cavitation, dispersion, and solvent-structural effects that are
missing in the bulk-electrostatics model.

The quantity Gps is then the difference between the exper-
imental solvation free energy and AGgyp (See eq 3) Thus,
given data for experimental solvation free energies and a pro-
tocol for computation of AGgp, @ set of target Gps values
may be assembled. In the case of SM8, such a training set was
assembled for 318 neutral solutes in 90 nonaqueous solvents
and water (a total of 2346 individual solvation free energies),
and 143 transfer free energies for 93 neutral solutes between
water and 15 organic solvents were also used (transfer free
energies provide differences in Geps values)."" The functional
form of Geps is

Geps = Z (o + U[M])Ak (7)

where ¢, and o™ are atomic and molecular surface tensions,
respectively, and A, is the solvent-accessible surface area
(SASA) of atom k, which depends on the molecular geometry
and the set of all atomic van der Waals radii (we use the val-
ues of Bondi*°). The physical basis for eq 7 is that deviations
from bulk electrostatics, as well as cavitation, dispersion, and
solvent-structural contributions, are all concentrated in the first
solvation shell, and A, is basically a continuous measure of the
amount of solvent in the first solvation shell of atom k.*'42

The atomic surface tensions are sensitive to local environ-
ment and therefore they are computed according to

Oy =0z, + z 07,2, Tk (8)
K=k

where ¢, and a6, are monatomic and diatomic parameter
functions, respectively, that depend on atomic numbers Z, and
Twe is @ geometry-dependent switching function called a cut-
off tanh or COT.?° The universal character of SM8 derives
from the functional dependence of the atomic and molecu-
lar surface tensions on macroscopic solvent propetties. In par-
ticular,



5,=0"n+05"% +3/p 9)

where g; is either 6, or 65, n is the refractive index of the sol-
vent at 293 K, o and g are hydrogen bond acidity and basic-
ity parameters®> of the solvent, and &, 5/*, and ! are
empirical, numerical parameters that are optimized to mini-
mize errors in computed solvation free energies.

The molecular surface tension is also a function of solvent
descriptors according to

B[M] — BMV + 5[@2](/)2 + 5[1/12]1/)2 + 5[[f2]ﬁ2 (10)
where y is the 298 K macroscopic surface tension of the sol-
vent at the air/solvent interface, ¢ is the square of the frac-
tion of nonhydrogenic solvent atoms that are aromatic carbon
atoms (carbon aromaticity), y? is the square of the fraction of
solvent atoms that are F, Cl, or Br (electronegative halogenic-
ity), and 6", 5" 51 and 6% are empirical parameters that
are independent of solute or atomic number.

The SM8 model may be applied to any solvent (or indeed
any medium) for which the relevant macroscopic descriptors are
either known or may be estimated. We note however that water
is taken to be a special case with its own parameters (one could
use the general parameters for water, but water is important
enough to warrant the extra accuracy achievable by having spe-
cific parameters). Both AGgyp and Gepg are calculated with a sta-
ble analytic algorithm developed for this purpose.*® This leads to
very stable analytic gradients,*® which facilitates geometry opti-
mization even for difficult structures in solution.**

The SM8 solvation model additionally extends the aque-
ous parametrization to temperatures (T) other than 298 K.#>4¢
Temperature dependence is included in AGgnp by account-
ing for the T dependence of the permittivity (see eq 4). The
remaining change in the total solvation free energy is associ-
ated with changes in Gqps, Which is modeled as

AGeps=B(T—Ty) +CI(T—Ty) = TIn(T/Ty)]  (11)

where T, is 298.15 K, and B and C are computed in a fash-
ion analogous to Geps(To)-

The temperature-dependent SM8T was developed by opti-
mizing the relevant surface tension coefficients against 4403
aqueous solvation free energy measurements on 348 com-

pounds at various temperatures ranging from 273 to 373
K 4546

4. Model Performance

Table 1 compares predictions from SM8 at 298 K to those
from four other readily available QM continuum solvation
models for solvation free energies of neutrals and ions in
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TABLE 1. Mean Unsigned Errors (kcal/mol) in Solvation Free
Energies Calculated Using SMx and non-SMx Implicit Solvent
Models?

IEF-PCM  C-PCM*  PB*  GCOSMO*

solute class N SM8 GO03/UAO0 GAMESS Jaguar NWChem
all neutrals 940 0.59 5.66 243 1.86 4.29°
all ions 332 431 9.73 839 6.72%9 12.499¢
all cations 124 390 1271 10.18 4.25 851
all anions 208 455 7.97 726 8.19%¢ 14.90%°¢
aqueous neutrals 274 0.55 4.87 1.57 0.86 8.17%

nonag. neutrals 666 0.61 5.99 278 228 2.76
aqueous ions 112 3.20 12.40 8.40 4.00 8.90¢
nonaqueous ions 220 4.88 8.37 8.38 8.11%9 14.31

N is the number of data in a given solute class. The calculations were
performed at the mPW1PW/6-31G(d) level of theory, except the calculations
marked by asterisks, which used B3LYP in place of mPW1PW. ® Excluding 11
phosphorus-containing compounds and tetramethylsilane. The count is
reduced to N — 12. < Excluding 3-hydroxybenzoate. ¢ The count is reduced to
N — 1. ¢ Excluding hydroperoxyl radical.

water and 17 organic solvents.'' The other methods are the
IEF-PCM model*”4® as coded in Gaussian 03, the C-PCM
model*®*° as coded in GAMESS,*® the PBSA model*®>" as
coded in Jaguar, and the GCOSMO model>*>3 as coded in
NWChem. In each case, default options were used for the var-
ious models and codes; full details may be found in the orig-
inal work'" and in Supporting Information for this Account.
The SM8 predictions show considerably smaller errors than
those for the other models for aqueous and nonaqueous free
energies of solvation for neutrals, cations, and anions, with
particularly good performance for nonaqueous data compared
with the other models. Figure 1 provides a graphical depic-
tion of the relative model accuracies.

We note that if one makes the assumption that all ions
have the same solvation free energy (—65.0 kcal/mol), that
all nonaqueous neutrals have the same solvation free
energy (—5.38 kcal/mol), and that all aqueous neutrals
have the same solvation free energy (—2.99 kcal/mol),
these particular values being the average of all relevant
experimental measurements, then the MUEs for this “three-
parameter model” are 8.6, 1.5, and 2.7 Kcal/mol, respec-
tively. In only 6 of 15 cases do the non-SMx models show
smaller MUEs than the three-parameter model.'' The rea-
son that the SMx models outperform other models is not
the extent of parametrization or the choice of parameters,
but rather the theoretical formulation of the problem so that
the Gcps term compensates for the inescapable incomplete-
ness of any bulk electrostatic model for AGgyp.

With respect to temperature dependence, the experimen-
tal aqueous solvation free energy of piperazine varies by
about 4 kcal/mol over a 90 K temperature range. Figure 2
illustrates that over the complete set of data, SM8T*® predicts
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FIGURE 1. Mean unsigned errors (MUEs) in solvation free energies
of neutral and ionic solutes calculated using SM8 and other
continuum models including IEF-PCM/G03/UAO0, C-PCM/GAMESS,
PB/Jaguar, and GCOSMO/NW<Chem. The calculation was done for
18 solvents including acetonitrile (ions and neutral solutes), DMSO
(ions and neutral solutes), methanol (only ions), water (ions and
neutral solutes), and an additional 14 organic solvents from the
SM8 neutral training set: (@) MUEs are given for ions and neutrals in
all of the 18 solvents; (b) MUEs for solutes in aqueous solutions are
compared with MUEs for solutes in nonaqueous solutions.

this temperature dependence with a mean unsigned error of
0.3 kcal/mol.

As noted above, a feature of the SM8 model that makes it
particularly attractive is its universality; it can be applied to any
phase that may be reasonably characterized by the bulk
descriptors €, n, o, 5, v, @, and . When values for these quan-
tities are not available, they may be estimated, or more prag-
matically, the unknown descriptors may themselves be taken
to be parameters that are fit to available experimental data.
Thus, one may make an estimate of the permittivity (the only
nonlinear solvent parameter in the computation of AGS°),
compute AGgyp for solutes for which solvation free energies
or partition coefficients (which are differences of solvation free
energies between two phases) are known, and optimize the
remaining descriptors contributing to Gcpg through multilin-
ear regression. A final model may be determined by optimi-
zation of e.
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FIGURE 2. The temperature dependence of the experimental (H)
free energy of solvation for piperazine compared with various
possible parametrizations of SM8T.

We have put this approach into practice with an earlier
SMx model for a phosphatidyl choline bilayer.>* Available
experimental data for partition coefficients between the
bilayer and surrounding aqueous solvent led to assignment
of a bilayer permittivity of 5.0 (similar to octanol), an a
value of 0.0 (because phosphatidyl choline has negligible
hydrogen bond donating character), and optimized n, v,
and g solvent parameters of 1.40, 27, and 1.15, respec-
tively, these quantities being in the range of physically real-
istic values considering analogous molecules as solvents.
This optimized model correlates the logarithms of 19 exper-
imental partition coefficients ranging over 5 log units with
a Pearson correlation coefficient of 0.9. For partition coef-
ficients (P) between conventional (aqueous and organic) sol-
vents, the accuracy in log P is typically 0.3—0.4.%2

Another example of this process, applied to a problem hav-
ing more available data, was the development of an SMx
model for wet soil,>> thus permitting the prediction of envi-
ronmentally important soil/water partition coefficients, Ko
(these partition coefficients are normalized for organic car-
bon content when standard values are measured experimen-
tally). In this case, optimization against a data set of 387
molecules led to optimized ¢, n, v, a, and S solvent parame-
ters of 15, 1.311, 45.3, 0.56, and 0.60, such values again
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FIGURE 3. One-electron reduction potential vs NHE for DDT using standard state concentrations of 1 mol per 24.5 L for all species in the
gas phase, 1 M for DDT and DDD in aqueous solution, and 10~2 M for aqueous CI".

being in a physically realistic range. The resulting soil parti-
tioning model had a MUE over the training set of 0.98 kcal/
mol.

The most novel extension of the SMx models to a dif-
ferent condensed phase has been the development of an
SMx model to describe the surface layer of an aqueous
solution that is in contact with air, that is, the air—water
interface.>® This formally two-dimensional phase is pre-
dicted to be characterized by a, 8, n, and vy values of 1.11,
0.59, 1.342, and —144.6, respectively. These values rep-
resent hydrogen bonding acidity and basicity values larger
than those associated with bulk water>’, in keeping with
various studies of the aqueous surface that have rational-
ized this observation based on dangling OH bonds at the
interface,>®~®" while the index of refraction is equal to that
of bulk water, and the “surface tension” is negative, repre-
senting enhanced sticking as opposed to unfavorable cav-
itation costs. This SMx model predicts the air/surface
partitioning of 85 complex organic molecules, including
pesticides, with a MUE of 0.47 log units. This model can be
applied to problems in atmospheric environmental chem-
istry, for example, contaminant transport by fog droplets.

5. Applications to Computational
Electrochemistry and pK, Prediction

Because of changes in total solute charge, solvation can have
a large effect on the energetics of electron-transfer reactions.
An electrochemical half-reaction for the one-electron reduc-
tion of the pesticide DDT is shown in Figure 3.°% The free
energy change for the aqueous portion of the thermodynamic
cycle can be computed by combining gas-phase B3LYP/6-

311+G(d)//B3LYP/6-31G(d) free energies with the experimen-
tal solvation free energy for the chloride anion,®® and SM5.42/
BPW91/6-31G(d)//B3LYP/6-31G(d) solvation free energies for
the organic molecules; this yields a free energy change in
aqueous solution of —4.86 eV. This AG:Xn may be converted
to a potential relative to the normal hydrogen electrode (NHE)

by

o

AG, . — AG,
E° — rxn NHE (1 2)
nF
where n is the number of electrons transferred, F is the Fara-
day constant, and AGy, is the free energy of reaction for

the reference half-reaction

%ng) —Hgg T e (13)
which is 4.28 eV.?*?2 SMx models have been used to study
the oxidation or reduction potentials of substituted
anilines,®#%°> quinones,®> various halogenated hydro-
carbons,®#°°7 flavin cofactors,®® and the ruthenium ion.®°
When ions included in the relevant half-reactions are charac-
terized by delocalized charge, continuum models tend to pro-
vide excellent correlation with experimental results. However,
in cases of very concentrated, localized charge (e.g., the Ru**/
Ru®* couple®®) good results can only be obtained by embed-
ding the solute in the continuum with one or more shells of
explicit solvent molecules included, that is, as a clustered
supersolute.

The tendency of locally concentrated charge to lead to
poor performance of the full continuum approximation and
the ability of a manageable, well-defined cluster model to
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FIGURE 4. Calculated vs experimental pK, values for 57 acids.”® Filled squares indicate unclustered conjugate bases, filled circles indicate
clustered conjugate bases, and open circles indicate results for the same molecules as the solid circles but computed for the bare ion instead
of the clustered ion. In almost every instance, the clustered-ion result is closer to the ideal line (shown) than is the bare-ion result (because
the experimental result is a constant, connected filled and open circles may be identified by their horizontal relationship to one another).

improve this is also manifest in the calculation of pK, values.
As shown in Figure 4, when SM6 aqueous solvation free ener-
gies are added to gas-phase deprotonation free energies to
compute pK, values by

A(‘;lel"I

PK, = RTIN(10) (14)

for the general acid deprotonation reaction

- +
AHag = Apg T Hag) (15)

a significantly better correlation between theory and experi-
ment is obtained for a set of 57 various acids when those con-
jugate bases having highly concentrated charge are
considered as clusters with a single water molecule instead of
as bare anions.”® Importantly, in cases where the pure con-
tinuum approximation already works well, the inclusion of a
clustering water molecule does not degrade the predicted pK,
values. Such behavior is the hallmark of a robust solvation
model.

6. Conclusions

The development of the SMx models has reached a point
where SM8, a universal solvation model, is particularly effec-
tive for the computation of solvation free energies and other
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interesting thermodynamic properties in solution, like parti-
tion coefficients, pK, values, and oxidation and reduction
potentials. SM8 and/or earlier SMx models are available in
various software packages for use by the broader modeling
community, including AMSOL, GAMESSPLUS, HONDOPLUS,
JAGUAR, OMNISOL, SMXGAUSS, and SPARTAN.

We are grateful for the contributions of our many co-workers
whose names appear as coauthors on citations in this Account;
in addition to recognizing the contributions of our earlier co-
workers, we especially thank our coauthors on SM8: Alek
Marenich, Casey Kelly, Ryan Olson, and Adam Chamberlin. We
also acknowledge financial support over the years from the
Army Research Office, the Office of Naval Research, and the
National Science Foundation.

Supporting Information Available. Additional references for
various theoretical models and full references for all software
packages. This material is available free of charge via the
Internet at http://pubs.acs.org.
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